We present recent observations of main-belt comet P/2010 R2 (La Sagra) obtained using the Gemini North telescope on five nights in late 2011 and early 2013 during portions of the object's orbit when dust emission was expected to be minimal or absent. We find that P/La Sagra continues to exhibit a faint dust trail aligned with its orbit plane as late as 2011 December 31, while no activity is observed by the time of our next observations on 2013 March 3, shortly before aphelion. Using only photometry measured when the comet was observed to be inactive, we find best-fit IAU phase function parameters of H R = 18.4 ± 0.2 mag and G = 0.17 ± 0.10, corresponding to an effective nucleus radius of r N = 0.55 ± 0.05 km (assuming p R = 0.05). We revisit photometry obtained when P/La Sagra was observed to be active in 2010 using our revised determination of the object's nucleus size, finding a peak dust-to-nucleus mass ratio of M d /M N = (5.8 ± 1.6) × 10 −4 , corresponding to an estimated total peak dust mass of M d = (5.3 ± 1.5) × 10 8 kg. We also compute the inferred peak total active surface area and active surface fraction for P/La Sagra, finding A act ∼ 5 × 10 4 m 2 and f act ∼ 0.01, respectively. Finally, we discuss P/La Sagra's upcoming perihelion passage, particularly focusing on the available opportunities to conduct follow-up observations in order to search for recurrent activity and, if recurrent activity is present, to search for changes in P/La Sagra's activity strength on successive orbit passages that should provide insights into the evolution of MBC activity over time.
INTRODUCTION

Background
Main-belt comets (MBCs; Hsieh & Jewitt, 2006) are objects that exhibit cometary activity as a result of the sublimation of volatile ice, yet occupy stable orbits in the main asteroid belt. They have attracted interest, particularly in astrobiology, due to the possibility that icy material from the main belt region could have been a significant primordial source of terrestrial water (e.g., Morbidelli et al., 2000; Raymond et al., 2004; O'Brien et al., 2006) , and their potential as compositional probes of the early inner solar system in general (e.g., Haghighipour, 2009 ). MBCs comprise a subset of the group of objects known as active asteroids, which are objects with asteroidal orbits (defined as having Tisserand parameter values of T J > 3) that exhibit comet-like activity, typically in the form of dust emission (e.g. Jewitt & Guilbert-Lepoutre, 2012) . The classification of active asteroids also includes disrupted asteroids (e.g., Jewitt et al., 2010 Jewitt et al., , 2011 Jewitt et al., , 2013 Snodgrass et al., 2010; Bodewits et al., 2011; Ishiguro et al., 2011; Stevenson et al., 2012; Moreno et al., 2011a Moreno et al., , 2012 , which are otherwise inert objects that exhibit comet-like mass loss as a result of collisional or rotational disruption (cf. Hsieh et al., 2012a) .
In general, direct confirmation of MBC sublimation via spectroscopic detections of gas emission is beyond the capabilities of current facilities due to the extremely weak sublimation rates of these objects. Practically speaking, this inability to directly detect sublimation means that none of the objects currently considered to be MBCs can be definitively confirmed as cometary bodies. However, Hsieh et al. (2012a) outlined a range of methods that can be used to infer the most likely cause of observed dust emission, and therefore distinguish likely MBC candidates (hereafter referred to simply as "MBCs") and disrupted asteroid candidates (hereafter, "disrupted asteroids"). These methods include monitoring to search for persistent or increasing activity (although this condition alone is insufficient proof of sublimation-driven activity without other supporting evidence), deep high-resolution imaging to search for unusual morphology that could indicate the action of non-cometary causes of activity, numerical dust modeling, and long-term monitoring to search for repeated activity over multiple orbits, which is naturally explained as a result of sublimation-driven activity, but would be highly implausible for activity generated via other mechanisms.
Detection of recurrent activity is currently considered to be the most reliable method of indirectly identifying sublimation-driven activity (cf. Jewitt & Guilbert-Lepoutre, 2012) . However, making such a detection requires waiting for at least an entire orbit period (∼5-6 years for most of the currently known MBCs), and potentially more depending on observational circumstances, to elapse following the discovery of activity in a new MBC before repetition of activity can be confirmed or ruled out. As such, recurrent activity has only been successfully confirmed to date for MBCs 133P/Elst-Pizarro and 238P/Read (Hsieh et al., 2004 (Hsieh et al., , 2010 (Hsieh et al., , 2011b (Hsieh et al., , 2013b , although unsuccessful attempts to detect recurrent activity for MBC 176P/LINEAR have also been made (de Val-Borro et al., 2012; Hsieh et al., 2014) .
While even recurrent activity does not ensure that any observed activity is actually sublimation-driven, the recent spectroscopic confirmation of water vapor outgassing on (1) Ceres by the Herschel Space Observatory (Küppers et al., 2014) has unequivocally demonstrated that currently sublimating icy material is in fact present in the main asteroid belt. This water vapor detection strongly supports the physical plausibility of sublimation-driven cometary activity on other main-belt objects, such as the MBCs. Additionally, spectroscopic features attributed to water ice frost have been reported for main-belt asteroid (24) Themis (Rivkin & Emery, 2010; Campins et al., 2010) and outer main-belt asteroid (65) Cybele (Licandro et al., 2011; Takir & Emery, 2012) . These results are particularly interesting in the context of this work because MBCs 133P, 176P, 288P, and possibly 238P (Haghighipour, 2009; Hsieh et al., 2012b) have all been dynamically linked to the Themis asteroid family, of which Themis is the largest member. Despite these recent discoveries of corroborating evidence of water ice in the asteroid belt, however, it is important to note that Ceres (952 km in diameter Thomas et al., 2005) , Themis (202 km in diameter; Wright et al., 2010; Mainzer et al., 2011; Masiero et al., 2011) and Cybele (273 km in diameter; Müller & Blommaert, 2004) are all much larger than the largest known MBCs (cf. Section 4.1) and therefore likely differ significantly from the MBCs in both their thermal evolutionary history and present-day geophysical nature (e.g., Fanale & Salvail, 1989; McCord et al., 2011) . As such, any comparisons between such large asteroids and the km-scale MBCs must be regarded with caution.
P/2010 R2 (La Sagra)
The fifth MBC to be discovered was Comet P/2010 R2 (La Sagra), which was found on 2010 September 14.9 (UT) by the 0.45 m telescope at La Sagra Observatory in southern Spain (Nomen et al., 2010) . Numerical modeling of the object's dust emission indicated that the observed mass loss was best simulated by anistropic comet-like dust emission at a level of ∼3-4 kg s −1 persisting for at least 7 months following perihelion, with the apparent source of emission located near the south pole of the nucleus and the object having an obliquity near 90
• (Moreno et al., 2011b) . Additional analysis of precovery and follow-up observations revealed an increase of >1 mag in the comet's brightness between 2010 August and December, indicating the presence of ongoing dust production, consistent with sublimation-driven activity and inconsistent with impulsive activity generation mechanisms such as an impact (Hsieh et al., 2012c) .
Spectroscopic observations produced no evidence of gas emission, but were still used to place an upper limit on the comet's CN production rate of Q CN = 6 × 10 23 mol s −1 . Assuming average CN/H 2 O ratios measured for previously observed comets (A'Hearn et al., 1995) , this result corresponds to an upper limit H 2 O production rate of Q H2O ∼ 10 26 mol s −1 . Thermal modeling by Prialnik & Rosenberg (2009) indicates that all other volatile material except for water ice may become severely depleted over the lifetime of a MBC, however, suggesting that the ratio of CN to H 2 O in MBCs may be much lower than in classical comets from the outer solar system. If this is true, then the upper limits on the H 2 O production rates of P/La Sagra and other MBCs inferred from observations of CN emission (e.g., Jewitt et al., 2009; Jewitt & Guilbert-Lepoutre, 2012; Jewitt et al., 2014a; Hsieh et al., 2012b Hsieh et al., ,c, 2013a Licandro et al., 2013) may in fact be far larger than reported. Hsieh et al. (2012c) additionally reported that numerical dynamical simulations of the object indicated that the region in orbital element space occupied by P/La Sagra is largely stable, despite being crossed by the 13:6 mean-motion resonance with Jupiter and the (3, −2, −1) three-body mean-motion resonance with Jupiter and Saturn. These results imply that the object is likely to be native to its present-day location, and that its physical properties therefore may be similar of those of other objects in that region of the asteroid belt. However, given the moderately chaotic nature of the region (due to the presence of nearby resonances) and the possibility of the influence of non-gravitational forces (which were not included in the dynamical analysis), the possibility that P/La Sagra could have formed elsewhere and recently dynamically evolved onto its current orbit could not be definitively ruled out. In fact, preliminary results from dynamical simulations including the Yarkovsky effect (Burns et al., 1979; Farinella & Vokrouhlický, 1999) indicate that Yarkovskyinduced drift of the semimajor axis of P/La Sagra (estimated to be on the order of 3×10
−4 AU Myr −1 ) could indeed affect its long-term dynamical stability (Novakovic, 2012) . Meanwhile, non-gravitational accelerations as large as 2.5 × 10 −1 m s −2 have been inferred for 133P based on astrometric measurements (Chesley et al., 2010) , though the effect of non-gravitational accelerations of this magnitude on the dynamical stability of MBCs has not yet been well-studied.
The physical characterization of the nuclei of individual MBCs and MBC candidates that have been previously observed to be active is extremely important for improving our understanding of how the active MBC population relates to the inactive background population. Physical studies of MBC nuclei indicate what characteristics dormant MBCs might have, allowing us to better estimate the size of the population of inactive but icy asteroids, constrain thermal modeling studies of MBCs aimed at better understanding volatile preservation in small inner solar system bodies (e.g., Schörghofer, 2008; Prialnik & Rosenberg, 2009; Capria et al., 2012) , and enable quantitative analyses of total dust productivity and photometric searches for low-level activity (e.g., Hsieh et al., 2012c Hsieh et al., , 2014 . Physical characterization of MBC activity is also important for improving our understanding of other characteristics of the population, such as peak activity levels, typical duration of activity, and relative activity strength levels from one orbit to the next, that could ultimately shed light on key issues such as potential mechanisms for producing and sustaining activity, the degree of variation in volatile content within the MBC population, and prospects for using MBCs as tracers of the abundance and distribution of ice in the present-day asteroid belt. With these issues in mind, we set out in this work to measure the size of P/La Sagra's nucleus and analyze previously reported data obtained when P/La Sagra was active in order to quantitatively characterize its activity strength and compare it to other MBCs.
OBSERVATIONS
We observed P/La Sagra using the 8.1 m Gemini North telescope (Programs GN-2011B-Q-17 and GN-2013A-Q-102) on Mauna Kea in Hawaii. Observations were made using the imaging mode of the Gemini Multi-Object Spectrograph (GMOS; image scale of 0.1454 pixel −1 ; Hook et al., 2004 ) and a Sloan Digital Sky Survey (SDSS) r filter. Non-sidereal tracking at the apparent rate and direction of motion of P/La Sagra on the sky was used for all observations. We obtained observations on two nights in late 2011 and three nights in early 2013 during portions of the object's orbit when dust emission was expected to be minimal or absent. Details of these observations are shown in Table 1 , while orbital positions of all reported photometric measurements are shown in Figure 1 . Images from each night were aligned on the object and summed together to create composite images in order to check for activity. A long dust trail aligned with the projection of the object's orbit plane in the sky, likely composed of large dust particles remaining from the 2010 active period (e.g., Reach et al., 2000 Reach et al., , 2007 Agarwal et al., 2010) , is observed in data obtained in 2011 (Figure 2 ), while no activity is apparent in any of our data from 2013 ( Figure 2) . In all of our data, whether the dust trail is visible or not, measurements of the PSF width of composite images of the comet in the direction perpendicular to its direction of apparent non-sidereal motion on the sky show no deviations from the PSF widths of field stars measured in the same way, indicating the absence of any resolved coma during these observations.
Standard image calibration (bias subtraction and flat-field reduction) was performed for all images. Flat fields were constructed from dithered images of the twilight sky. Object and field star photometry was performed using circular apertures for which optimum sizes were chosen accounting for the amount of field-star trailing caused by the non-sidereal tracking of the object, and nightly seeing conditions. Absolute calibration of object photometry was performed using field star magnitudes from the Pan-STARRS1 survey's photometric catalog (cf. Tonry et al., 2012; Schlafly et al., 2012; Magnier et al., 2013) . Transformation of r -band magnitudes to Kron-Cousins R-band magnitudes is performed for all photometric results, assuming solar colors for the object, for more straight-forward comparison to previously measured R-band MBC nucleus absolute magnitudes (e.g., Hsieh et al., 2010 Hsieh et al., , 2011a MacLennan & Hsieh, 2012) .
ANALYSIS AND RESULTS
Phase Function Analysis
In order to determine the properties of P/La Sagra's nucleus, we only consider data where no visible activity is detected, i.e., only data from 2013. We prepare the data for the determination of P/La Sagra's phase function by first normalizing the measured apparent magnitudes, m(R, ∆, α), to unit heliocentric and geocentric distances, R and ∆, respectively (i.e., R = ∆ = 1 AU), where α is the solar phase angle using
The resulting reduced magnitude, m(1, 1, α), remains dependent on the solar phase angle via the solar phase function, as well as the rotational phase of the nucleus at the time of the observations in question. At this time, the rotational properties of P/La Sagra are unknown, and since all of our observations were shortduration "snap-shot" observations, we are unable to constrain any of these rotational properties from the data in hand. For the purposes of this analysis, however, we simply incorporate the unknown brightness variations of the nucleus due to rotational effects into the overall uncertainty of each of our photometry points. For the purposes of estimating this uncertainty, we assume a peak-to-trough rotational photometric range for P/La Sagra's nucleus of ∆m = 0.6 mag, where the peak photometric ranges of 133P's nucleus and 176P's nucleus have been measured to be ∆m = 0.4 mag and ∆m = 0.7 mag (Hsieh et al., 2004 (Hsieh et al., , 2010 (Hsieh et al., , 2011a , respectively, and results from Masiero et al. (2009) indicate that ∼80% of main-belt asteroids should have photometric ranges of ∆m ≤ 0.6 mag. We find best-fit parameters of H R = 18.4 ± 0.2 mag and G R = 0.17 ± 0.10 for P/La Sagra, using the standard IAU H, G formalism (Bowell et al., 1989) , where the estimated uncertainties are dominated by the Best-fit IAU phase function (solid line) for P/La Sagra, where dotted lines indicate the range of uncertainty due to phase function parameter uncertainties, and dashed lines indicate the expected possible photometric range due to rotational brightness variations, assuming a peak-to-trough photometric range of ∆m = 0.6 mag. Open circles denote photometry measured in this work when the comet was observed to be inactive, while green filled squares mark photometry obtained by Hsieh et al. (2012c) when the comet was extremely active in 2010 and early 2011, and blue filled squares mark photometry obtained in this work and by Hsieh et al. (2012c) when the comet was weakly active in the latter half of 2011.
nucleus's unknown rotational properties and its unknown rotational phase at the time of our observations. There is also some uncertainty associated with the fact that our observations of the inactive nucleus span a limited phase angle range (from α = 8.6
• to α = 15.1 • ), and so future observations of the inactive nucleus at phase angles outside of this range, particularly at low phase angles (i.e., α ∼ 0
• ) to measure any opposition surge that the object might exhibit (cf. Belskaya & Shevchenko, 2000) , will be extremely useful for refining the parameters found in this work.
We plot our best-fit phase function as well as the data used to fit it in Figure 4 . We also plot photometric points that were measured for P/La Sagra when it was observed to be active. The absolute magnitude computed here is fainter that that estimated by Hsieh et al. (2012c) because that previous analysis used photometric data that we now know was contaminated with unresolved near-nucleus dust emission (cf. Section 3.2). Our computed slope parameter is within the range of previously measured MBC nucleus slope parameters of G = 0.04±0.05 for 133P, G = 0.15±0.05 for 176P, G = −0.03±0.10 for 238P, G = −0.08±0.05 for 259P, and G = 0.05 ± 0.05 for P/2006 VW 139 (Hsieh et al., 2009b (Hsieh et al., , 2010 (Hsieh et al., , 2011a MacLennan & Hsieh, 2012, Hsieh et al., in prep) , as well as within the range of slope parameters measured for kilometer-scale asteroids in the Themis family (with which 133P, 176P, and P/2006 VW 139 are associated) (Hsieh et al., 2008) .
In this work, we are primarily interested in measuring the phase function of P/La Sagra's nucleus for the purposes of deriving its physical size from its absolute magnitude (see below) and also being able to estimate the contribution due to dust to the comet's total observed flux during periods of activity (cf. Section 3.2). It would be useful of course, however, if we were also able to infer physical information from the slope parameter, G, as well. Unfortunately, G appears to have limited value as a diagnostic indicator of physical surface properties of individual asteroids. There is substantial overlap in the distributions of G values for asteroids classified as C-type and S-type asteroids, and several of the MBCs, including P/La Sagra, have G parameter values within the range of values found for both taxonomic types ( Figure 5 ). As such, we are unable to infer taxonomic information for individual MBCs from their G values alone. Similarly, while there is a weak trend of increasing albedo with increasing G, as suggested by early studies (e.g., Harris & Young, 1989) , there is also a substantial fraction of low-albedo asteroids for which a large range of G values have been measured (Figure 6 ), indicating that G is a poor indicator of the likely albedo of an object as well. The distributions of G values for different taxonomic types do peak at distinct values (cf. Figure 5 ), suggesting that a probabilistic analysis of the G distribution of MBCs with respect to those of other asteroid taxonomic types could be useful once G values are known for a substantially larger number of MBCs, even though G is a poor diagnostic tool for individual objects (e.g., Oszkiewicz et al., 2012) .
We also fit a linear phase function to the inactive data, finding an absolute magnitude of m(1, 1, 0) = 18.7 ± 0.2 mag and a phase-darkening coefficient of β = 0.037 ± 0.010 mag deg −1 . This phase-darkening coefficient is comparable to values measured for other cometary nuclei including 10P/Tempel 2 (β = 0.035 ± 0.005 mag deg −1 ; Jewitt & Luu, 1989) , 28P/Neujmin 1 (β = 0.025 ± 0.006 mag deg −1 ; Delahodde et al., 2001) , and 143P/Kowal-Mrkos (β = 0.043 ± 0.014 mag deg −1 ; Jewitt et al., 2003) , although several much larger phase-darkening coefficients have also been measured (references in Snodgrass et al., 2011) . It is also comparable to values measured for C-type asteroids (β mean ≈ 0.043 mag deg −1 ; references in Belskaya & Shevchenko, 2000) . The large β is consistent with P/La Sagra having a low-albedo, possibly porous surface.
The effective nucleus radius (in km), r N , of an object with an absolute magnitude of H R is given by
where p R is the geometric R-band albedo, and m = −27.07 is the apparent R-band magnitude of the Sun (Hardorp, 1980; Hartmann et al., 1982 Hartmann et al., , 1990 . Assuming a geometric R-band albedo of p R = 0.05, similar to that measured for other MBCs (Hsieh et al., 2009b) , we estimate an effective nucleus radius for P/La Sagra of r N = 0.55 ± 0.05 km.
Analysis of Active Data
Using the phase function derived here, we can estimate the amounts of excess dust present in observations from 2010 and 2011 (Hsieh et al., 2012c, this work) . The ratio of the total scattering surface area of dust, Figure 5 : Normalized histograms of G parameter values provided online at https://wiki.helsinki.fi/display/PSR/ Asteroid+absolute+magnitude+and+slope (Muinonen et al., 2010; Oszkiewicz et al., 2011) for C-and S-type asteroids (blue and red lines, respectively) as classified according to SDSS observations (Carvano et al., 2010; Hasselmann et al., 2012) . For reference, G values and 1-σ uncertainities reported for MBCs are also plotted as blue circles. Plots of G parameter values (provided online at https://wiki.helsinki.fi/display/PSR/ Asteroid+absolute+magnitude+and+slope; Muinonen et al., 2010; Oszkiewicz et al., 2011) versus visible albedos (top panel) and infrared albedos (lower panel) for numbered asteroids measured by Masiero et al. (2011) . For reference, we also plot green circles indicating G values, 1-σ uncertainties, and visible and infrared albedos reported for 133P and 176P (Hsieh et al., 2009b; Bauer et al., 2012) , as well as blue circles indicating G values and 1-σ uncertainties reported for other MBCs for which albedos are unavailable. In the cases of 133P and 176P, we assume that pR ≈ pV (likely to be the case given the objects' largely neutral visible spectra; Licandro et al., 2011) , where the 1-σ uncertainties in albedo are roughly the size of the symbols plotted.
A d , to that of the nucleus, A N , is given by
where H R,tot is the equivalent absolute magnitude of the active nucleus at R = ∆ = 1 AU and α = 0
• computed using the H, G phase function and the best-fit G parameter determined above (assuming that the dust exhibits the same phase darkening behavior as the nucleus). The equivalent ratio of the total mass of dust, M d , to that of the nucleus, M N , is then given by
whereā is the mean effective grain radius, ρ d is the dust grain density, and ρ N is the bulk density of the nucleus. We can then compute the total dust scattering surface area using
and the total dust mass using
Moreno et al. (2011b) found particle radii for P/La Sagra ranging from a min = 5 × 10 −6 m to a max = 1 × 10 −2 m, assuming a power-law size distribution with an index of q = 3.5. Following Jewitt et al. (2014b) , we compute a mean effective particle radius (by mass), weighted by the size distribution, scattering cross-section, and residence time, usinḡ a = amax amin
where K and N 0 (R) are constants related to the residence time of a particle of size a and the reference dust production rate at a given heliocentric distance, R, respectively. Using q = 3.5 and assuming a max a min , we then findā ∼ a max ln(a max /a min )
which gives usā ∼ 1 mm using a min and a max from Moreno et al. (2011b) . We use this effective mean particle radius to calculate the dust-to-nucleus scattering surface area ratios, dust-to-nucleus mass ratios, total dust scattering surface areas, and total dust masses from measurements reported by Hsieh et al. (2012c) of the total flux of P/La Sagra. These measurements were made using rectangular apertures enclosing the entire visible dust cloud (i.e., coma and tail) surrounding the comet in observations where a strong coma and a tail are visible (i.e., from 2010 to early 2011). For observations where only a faint dust trail was visible (i.e., in late 2011), the trail's extremely low surface brightness and the abundance of bright nearby field stars prevented Hsieh et al. (2012c) from performing reliable trail photometry, and so for those data, only the near-nucleus flux (i.e., from the nucleus and the unresolved coma) was measured. Results are tabulated in Table 2 . For these calculations, we assume ρ N = 1400 kg m −3 as determined to be characteristic of C-type asteroids (Britt et al., 2002) , with which MBCs have been found to be similar (Licandro et al., 2011) . For the dust grain density, we assume ρ d = 2500 kg m −3 as determined to be characteristic of CI and CM carbonaceous chondrite meteorites (Britt et al., 2002) , which are generally believed to be associated with primitive, water-bearing C-type asteroids like the MBCs.
Following the analysis used in Hsieh et al. (2012c) , we find that the total dust mass around P/La Sagra increases at a net rate ofṀ d ∼ 30 kg s −1 between 2010 August and 2010 December. This net dust production rate is two orders of magnitude higher than that computed by Hsieh et al. (2012c) due to the assumption of larger mean effective grain sizes in this work. After accounting for the higher dust grain density assumed here, this value is also a few times larger than the mass loss rate computed by Moreno et al. (2011b) , not accounting for the effect of dust dissipation. Given the strongly parameter-dependent and inherently underconstrained nature of dust modeling of comets in general, and the simplifications introduced here, however, we regard our results to be precise to an order of magnitude, at best. As such, we find our results to be consistent with those of Moreno et al. (2011b) .
As for the set of observations obtained between 2011 August and 2011 December where a residual dust trail was observed but no visible coma, we find a weighted average total dust mass ofM d ∼ (1.1±0.6)×10
5 kg from the four photometric points from this time period. This indicates that a low-level, unresolved coma, presumably consisting of large, slow-moving particles from the 2010 emission event that radiation pressure has not yet dispersed beyond the projected radius of the seeing disk on the sky, was likely present at the time. We can therefore confirm that our omission of this data in our determination of P/La Sagra's phase function (Section 3.1) was indeed justified. (1) 21.3 17.9 ± 0.3 13.8 ± 0.3 65 ± 20 (22 ± 6) × 10 −5 (6 ± 2) × 10 7 (20 ± 6) × 10 7 2010 Sep 19 (2) 21.3 17.8 ± 0.3 13.7 ± 0.3 70 ± 20 (24 ± 7) × 10 −5 (7 ± 2) × 10 7 (22 ± 6) × 10 7 2010 Sep 29 23.7 18.0 ± 0.3 13.9 ± 0.3 65 ± 20 (21 ± 6) × 10 −5 (6 ± 2) × 10 7 (20 ± 6) × 10 7 2010 Oct 05 25.2 18.0 ± 0.3 13.8 ± 0.3 70 ± 20 (23 ± 7) × 10 −5 (6 ± 2) × 10 7 (21 ± 6) × 10 7 2010 Oct 19 28.5 18.1 ± 0.3 13.7 ± 0.3 75 ± 20 (25 ± 7) × 10 −5 (7 ± 2) × 10 7 (23 ± 7) × 10 7 2010 Nov 26 37.8 18.4 ± 0. 
Comparison to Other MBCs
Having computed revised measurements of P/La Sagra's nucleus size and activity strength, we now wish to compare the comet to other MBCs (cf. Section 1.2). We use previously reported photometry of active dust emission and computed absolute magnitudes of inactive MBC nuclei (references in Table 3) and Equations 3-6 to compute the peak dust-to-nucleus mass ratios (M d /M N ) and peak total inferred dust masses (M d ) associated with seven of the eight MBCs known to date (Table 3) . For consistency, we assume mean effective grain sizes ofā = 1 mm, bulk nucleus densities of ρ N = 1400 kg m −3 , and dust grain densities of ρ d = 2500 kg m −3 in all of these calculations. We then plot these derived quantities as functions of nucleus radius, which are all computed using previously reported absolute magnitudes from the literature and assumed albedos of p R = 0.05 (Figure 7a ). In the case of P/2012 T1 (PANSTARRS), only a lower-limit absolute magnitude is currently available, and so only an upper-limit nucleus size and lower-limit peak M d /M N and M d values are reported here. Meanwhile, we omit P/2013 R3 (Catalina-PANSTARRS) from consideration in this analysis due to the clearly unusual physical circumstances that led to the object's complete disintegration, and the therefore low likelihood that any comparisons to other MBCs will be particularly physically meaningful. (Figure 7a, upper panel) . The cause of this trend is evident from the lower panel of Figure 7a , where we can see that while the minimum and maximum M d /M N values measured for MBCs differ by over three orders of magnitude, M d values vary by less than two orders of magnitude, or if a single outlier (P/La Sagra) is removed from consideration, less than one order of magnitude. As such, the strong anti-correlation of M d /M N with nucleus size is due nearly entirely to the fact that almost all of the MBCs appear to eject nearly identical quantities of dust, despite varying by nearly three orders of magnitude in volume (and therefore in inferred mass).
This consistency among the inferred total dust masses measured for the first five known MBCs was first noted in Hsieh et al. (2012c) , and so it is interesting that it appears to remain viable for the present sample of seven of the eight currently known MBCs. As noted by Hsieh et al. (2012c) , however, the interpretation of this trend is not straightforward. The total dust mass observed for each object is essentially the net dust production rate (i.e., the difference between the mass loss rate of the nucleus and the rate at which the ejected dust is dispersed by radiation pressure to the point of non-detectability) integrated over the period starting from the start of dust emission until the time of observation, where in principle, the mass loss rate of the nucleus is related to the effective size of the active area on the MBC (i.e., the area of exposed volatile material available for sublimation). However, a large mass loss rate could be coupled with a rapid dust dissipation rate to produce the same net dust production rate (and therefore the same total observed dust mass) as an object with a smaller mass loss rate coupled with a slower dust dissipation rate. Since the known MBCs are all observed to be active at similar heliocentric distances, one might expect dissipation rates to also be similar. Other factors can also affect dust observability, however. For instance, dust confined to an object's orbit plane will have a greater optical depth when viewed edge-on than when viewed at a non-zero angle to the orbit plane. Therefore, dust emitted from a low-inclination MBC (such as 133P or 176P; i = 1.4
• and i = 0.2 • , respectively) should remain observable for a longer period of time than dust from a high-inclination MBC (such as P/La Sagra or 259P; i = 21.4
• and i = 15.9
• , respectively). Given the numerous factors that can influence the observed appearance of dust emission, numerical dust modeling is typically employed to infer properties of interest, such as ejection velocities and mass loss rates. The determination of the dust production rate of a MBC in this manner, though, is highly parameterdependent, where final results can vary widely due to different assumptions of parameters such as the Figure 7 : (a) Plots of the peak dust-to-nucleus mass ratios (top panel) and the peak total dust masses (bottom panel) measured for the known MBCs as functions of nucleus size (cf. Table 3 ). (b) Plots of the total active surface areas (top panel) and the active surface fractions (bottom panel) inferred for the MBCs. In all panels, points with ordinary error bars denote MBCs with well-constrained nucleus radii (133P, 176P, 238P, 259P, P/La Sagra, and P/2006 VW139), and points with arrows instead of error bars (representing P/2012 T1) indicate that only an upperlimit nucleus radius (and therefore lower-limit dust-to-nucleus mass ratios, total dust masses, and active surface fractions) is known.
optically dominant grain size and bulk densities of nucleus and dust material. Converting dust production rates to sublimation rates and then to an active surface area is also complicated by such factors as the typical lack of observational constraints on gas-to-dust ratios and the thermal parameters of the surface material in question, the possible action of jets (cf. Yelle et al., 2004; Hsieh et al., 2011a; Belton, 2013; Farnham et al., 2013) , and the time-dependent activity-quenching effects of mantling (cf. Jewitt, 1996) . Finally, it is possible that the apparent trend of similar dust masses is an observational selection effect, and that MBCs exhibiting smaller total dust masses are simply not easily discovered by currently available facilities (even though lower levels of activity can be observed once an object is known to be active and is therefore specifically targeted for monitoring).
Despite the many caveats that must be considered, for reference, we follow the procedure used by Hsieh et al. (2012c) to compute the area-dependent sublimation rates of surface ice at perihelion for the known MBCs, and then compare them to available reported mass loss rates (Hsieh et al., 2009a (Hsieh et al., , 2011a Moreno et al., 2011b Moreno et al., , 2013 Jewitt et al., 2014b) , to compute equivalent active areas and active fractions (Table 3) . Finally, we plot these values as functions of nucleus radius in Figure 7b . For these calculations, we use the following energy balance equation for the equilibrium temperature, T , of a sublimating surface:
where F = 1360 W m −2 is the solar constant, R is the heliocentric distance of the object in AU, A = 0.05 is the assumed Bond albedo of the body, ε = 0.9 is the assumed effective infrared emissivity, σ is the Stefan-Boltzmann constant, L = 2.83 MJ kg −1 is the latent heat of sublimation for water ice,ṁ w is the temperature-dependent mass loss rate of water ice due to sublimation, and χ describes the distribution of solar heating over an object's surface, assumed here to be χ = 2.5 (between the so-called subsolar and isothermal extremes of χ = 1 and χ = 4, respectively). We then compute the active surface area needed to produce the model-determined mass loss rates using
where f dg is the dust-to-gas production rate ratio (by mass). Dust-to-gas ratios of f dg = 1 are often assumed for comets, but as discussed in Jewitt et al. (2014b) , values of f dg > 1 are physically possible when ejected dust carrying more mass than escaping gas travels at much slower velocities than the gas, thus conserving momentum. Like P/La Sagra, 2P/Encke has been observed to exhibit dust emission determined to be dominated by mm-sized grains, and ultraviolet and infrared observations have constrained its dust-to-gas ratio to 10 f dg 30 (Reach et al., 2000) . For our analysis here, we assume f dg = 10 (cf. Jewitt et al., 2014b) .
Finally, we compute the active surface fraction using
We find that all of the inferred active surface areas computed here are within two orders of magnitude of each other, suggesting that if impact activation is indeed responsible for MBC activity (cf. Hsieh et al., 2004; Capria et al., 2012) , the active areas on all of the MBCs considered here could have been excavated by similarly sized impactors. Meanwhile, we note that 133P, 238P, P/2006 VW 139 , and P/2012 T1 have similar inferred active surface fractions within an order of magnitude, while P/La Sagra's active fraction is about an order of magnitude larger than those of the other MBCs, and 176P's active fraction is roughly an order of magnitude smaller. The active surface areas and active surface fractions inferred here are also all at least an order of magnitude smaller than those of the vast majority of classical comets (e.g., A'Hearn et al., 1995; Fernández et al., 1999; Samarasinha and Mueller, 2013) , although MBC perihelion distances are also all generally larger than those of most Jupiter family and long-period comets that are observed. Considering the numerous caveats detailed above, we consider a more detailed investigation of the particular implications of the inferred active areas and active fractions of MBCs to be premature, but suggest that continued attention to inferred active surface areas as more MBCs are discovered and physically characterized could provide valuable insights into the origin and evolution of MBC activity.
Future Observations
As discussed above (Section 1.1), the detection of recurrent activity for a main-belt object during subsequent orbit passages is currently considered one of the most reliable indicators of sublimation-driven activity (Hsieh et al., 2012a; Jewitt & Guilbert-Lepoutre, 2012) . P/La Sagra will make its first return to perihelion since its 2010 discovery on 2015 November 30, and so monitoring of the object around that time will be extremely important for clarifying the nature of its activity. Fortunately, unlike 259P, which had limited visibility during its first post-discovery perihelion passage in 2013 January 25 (MacLennan & Hsieh, 2012) , P/La Sagra will be well-placed for observations to search for recurrent activity during its upcoming perihelion passage.
We plot P/La Sagra's predicted magnitudes and available upcoming observing windows in Figure 8 . P/La Sagra will be observable from the Southern hemisphere from 2015 February to 2015 November over a true anomaly range of 295
• , and will be observable from the Northern hemisphere from 2015 March to 2015 December, or from ν ∼ 300
• to ν ∼ 5 • . It then will be observable from the North again from 2016 June to 2017 March over a true anomaly range of 50
• . Due to its extremely northerly declination (δ > 25
• ) in during the 2016-2017 observing window, however, it will not be well-placed for observing from the South during this time period.
For reference, we also mark the true anomaly range over which the comet was previously observed to be active during its 2010-2011 active period in Figure 8 . We note though that we do not expect activity to be limited to that range. P/La Sagra was observed to be active as early as ν = 12.9
• during its 2010 active period (Hsieh et al., 2012c) , which it will reach again on 2016 January 20. However, considering that the comet was already strongly active at the time of its discovery, and that 133P and 238P have both been observed to exhibit pre-perihelion activity, we expect that a much earlier turn-on point for P/La Sagra could be possible. Bauer et al. (2012) reported that Wide-field Infrared Survey Explorer observations of P/La Sagra from 2010 June 9-11, when the object was at ν ∼ 355
• , showed no clear evidence of activity, but this non-detection could be attributable to insufficient image sensitivity. 238P was observed to be active Figure 8 : Plot of predicted apparent R-band magnitudes for the nucleus of P/La Sagra in the absence of activity from 2014 Oct 1 through 2017 Oct 1, a period which spans the object's 2015 perihelion passage. Shaded regions mark time periods during which the comet is not observable from the Earth (i.e., solar elongation < 50
• ). The true anomalies of the comet at the beginning and end of each observing window are labeled, while the true anomaly range over which the comet was previously observed to be active in 2010 and 2011 is marked with a blue double-headed arrow.
as early as ν = 306.1
• (Hsieh et al., 2011b) , which P/La Sagra will reach on 2015 April 19. As such, monitoring P/La Sagra starting at least this early would be highly desirable. In that regard, the nucleus size determination for the comet reported here will be extremely useful, as it will enable early detection of activity to be accomplished via photometric analysis even if resolved activity is not immediately observable.
Some deviations (which should average to zero for a sufficiently large data set) from the magnitude predictions plotted in Figure 8 are expected due to rotational brightness variations of the nucleus. However, photometric measurements made for the comet that are consistently brighter than expected will represent strong evidence for the presence of unresolved activity. Analogous analyses were used to discover the activity of 95P/(2060) Chiron (Bus et al., 1988; Tholen et al., 1988; Meech & Belton, 1989; Hartmann et al., 1990) , detect the reactivation of 67P/Churyumov-Gerasimenko in 2007 (Snodgrass et al., 2013) , and to confirm the absence of recurrent activity for 176P in 2011 (Hsieh et al., 2014) . If resolved cometary activity is immediately observable, use of this technique of using photometry to detect activity will of course be unnecessary. In this case, however, it will still be useful to monitor P/La Sagra through both observing windows shown in Figure 8 and determine the amount of dust present at any given time (using the nucleus size measured in this work). Doing so will enable us to monitor changes over time and also to enable comparisons to be made between P/La Sagra's activity strength over successive orbit passages, which will in turn allow us to better understand the rate of MBC devolatization and set limits on their active lifetimes.
SUMMARY AND CONCLUSIONS
We present recent observations of main-belt comet P/2010 R2 (La Sagra) obtained in 2011 and 2013 using the Gemini North telescope, and report the following key results:
1. Following its 2010 September discovery, P/La Sagra continued to exhibit a dust trail, likely composed of large dust particles remaining from the 2010 active period, as late as 2011 December 31, when the comet was at ν = 117
• . No activity was observed by the time of our next observations on 2013 March 3, when the comet was at ν = 178.8
• , or just before aphelion. Using only photometry measured when the comet was observed to be inactive, we find best-fit IAU phase function parameters of H R = 18.4 ± 0.2 mag and G = 0.17 ± 0.10, corresponding to an effective nucleus radius of r N = 0.55 ± 0.05 km (assuming p R = 0.05). 2. We revisit photometry obtained when P/La Sagra was observed to be active in 2010 using our revised determination of the object's nucleus size, and find a peak dust-to-nucleus mass ratio of M d /M N = (5.8 ± 1.6) × 10 −4 , corresponding to an estimated total peak dust mass of M d = (5.3 ± 1.5) × 10 8 kg (assumingā = 1 mm, ρ N = 1400 kg m −3 , and ρ d = 2500 kg m −3 ). We also compute the inferred peak total active surface area and active surface fraction of P/La Sagra, finding A act ∼ 5 × 10 4 m 3. We confirm that the finding of Hsieh et al. (2012c) that the total peak dust masses observed for MBCs are largely similar (within an order of magnitude), regardless of nucleus size, remains valid for seven MBCs out of the currently known population of eight for which physical characterizations are available. Inferred active surface areas derived from mass loss rates determined from numerical dust modeling are also found to be similar (within two orders of magnitude). 4. We discuss P/La Sagra's upcoming perihelion passage in 2015, its first since its discovery in 2010, particularly focusing on the opportunities available for follow-up observations. The comet will be observable from the Earth from 2015 February through December, during which it will cover a true anomaly range from ν ∼ 295
• to ν ∼ 5 • , and then from 2016 June through 2017 March, during which it will cover a true anomaly range of 50
• ν 105
• . Observations during these periods are highly encouraged, as they will provide excellent opportunities for searching for recurrent activity, which would be strong evidence that P/La Sagra's activity is in fact sublimation-driven, as well as to obtain data enabling direct comparison of P/La Sagra's activity strength over successive orbit passages, where information enabling the photometric detection of unresolved activity, if needed, is provided by this work.
In addition to efforts to discover more MBCs (e.g., Gilbert & Wiegert, 2009; Sonnett et al., 2011; Waszczak et al., 2013) , continued efforts to physically characterize known MBCs well after their discoveries should be considered a high priority. Studying the nuclei of currently known MBCs will improve our understanding of their activity, as shown in this work, as well as provide insights into how the active MBC population relates to the inactive background asteroid population, e.g., by determining how their size distributions compare to one another. Given the scarcity of known MBCs, it is imperative that we learn as much as we can about each of the few objects that are known in order to begin to discern the characteristics of the much larger, but mostly unknown, total population. Such work should give us valuable insights into the nature and origin of this population, and by extension, into volatile abundance, preservation, and evolution in the inner solar system in general.
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